Aim Greater sage-grouse ( Centrocercus urophasianus ), a shrub-steppe obligate species of western North America, currently occupies only half its historical range. Here we examine how broad-scale, long-term trends in landscape condition have affected range contraction.
INTRODUCTION
Sagebrush ( Artemisia spp.) habitats have undergone significant change since the 1900s due to habitat loss, degradation and fragmentation (Knick et al ., 2003; Connelly et al ., 2004) . Consequently, greater sage-grouse ( Centrocercus urophasianus ) currently occupies only about 56% of their historical presettlement range with many monitored populations declining by approximately 2% per year since 1965 (Connelly & Braun, 1997; Braun, 1998; Connelly et al ., 2004) . Today, the quantity and quality of remaining sagebrush habitats are threatened by agricultural conversion , invasion of habitats by exotic plants (Wisdom et al ., 2002a; Knick et al ., 2003; Connelly et al ., 2004) , disturbances from energy exploration and extraction (Braun et al ., 2002; Lyon & Anderson, 2003; , high grazing intensity (long duration and high stocking rates; Beck & Mitchell 2000; Hayes & Holl, 2003; Crawford et al ., 2004) , fire and climate change (Neilson et al ., 2005) .
While several assessments characterizing threats to sagebrush habitats (Knick et al ., 2003; Connelly et al ., 2004; Wisdom et al ., 2005a; Rowland et al ., 2006a) and more specifically to greater sage-grouse (Wisdom et al ., 2002a,b; Connelly et al ., 2004) have been conducted, only a few address greater sage-grouse population declines relative to landscape characteristics (Aldridge & Boyce 2007; Walker et al ., 2007) . Ultimately, range-wide conservation of greater sage-grouse will require broad-scale characterization of habitat quality and an understanding of the influence of landscape condition on the persistence of populations. Despite possible protection of the species under the United States Endangered Species Act, no range-wide assessment has been conducted that relates range contraction to past and current landscape conditions.
A recent conservation assessment of greater sage-grouse and sagebrush habitats resulted in the compilation of data on sage-grouse distribution, population trends and habitats. As part of this effort, a digital map depicting the current and likely presettlement ( c. 1800) distribution of greater sagegrouse was developed . We assessed the relationship between landscape conditions and range contraction based on current and presettlement distribution to identify possible drivers affecting greater sage-grouse range occupancy. Specifically, we developed a greater sage-grouse persistence model contrasting the current and estimated presettlement distribution for greater sage-grouse as a function of landscape variables using logistic regression and a geographic information system (GIS). To understand the influence of environmental and anthropogenic factors on greater sage-grouse persistence, we estimated doseresponse curves for model variables and identified possible threshold values for persistence. We hypothesized that sage-grouse are least likely to persist near their historical range periphery or in areas with high levels of agricultural development, road density, human population or frequent droughts, and we expected that persistence is positively related to amount of sagebrush habitat. Based on past patterns in greater sage-grouse distribution and estimated threshold values, we applied our model to the current distribution of greater sage-grouse to investigate causes of historical declines and to the extant distribution of greater sage-grouse to identify populations most likely to persist and those where management actions would be most beneficial.
METHODS

Quantifying range persistence
We used digital maps of estimated presettlement (historical) and current (2004) range to delineate the historical and current distribution of greater sage-grouse (hereafter sage-grouse) in North America see Fig. 1) . Current distribution was based on numerous sources, including counts of males at display sites, survey routes, harvest information and radiotelemetry research . Historical distribution, on the other hand, was estimated from 1167 museum specimens, 138 published records, records from historical publications and journals and the presettlement distribution of potential habitat (see Schroeder et al ., 2004 for details) . Across the identified historical sage-grouse range, sample locations were systematically generated ( n = 41,802) in a GIS at 5-km spacing, representing the mean distance between all known sage-grouse leks (5654 active and inactive leks; Connelly et al ., 2004) . Locations that occurred within currently occupied range ( n = 24,762) were classified as persistent (1), while locations within extirpated range ( n = 17,045) were classified as extirpated (0).
Landscape predictors of persistence
Landscape variables used to predict the status (persistence or extirpation) of sage-grouse were divided into six broad categories. These included human population (density and population change), vegetation (percentage of sagebrush habitat), roads (density of and distance to roads), agriculture (cropland, farmland and cattle density), climate (number of severe and extreme droughts) and a measure of peripherality (distance to historical sage-grouse range edge; see Table 1 ). We obtained estimates of human population density in 1900, 1950 and present ( c . 2000) , as well as human population change from 1900 and 1950-2000, from the 2000 United States Census Bureau to assess human encroachment into sage-grouse habitats (Table 1) . Human population in 1900 was chosen to represent density prior to intense European settlement, and the density in 1950 approximated the period when earliest recorded demographic declines (lek counts) in sage-grouse populations occurred (1965; Connelly et al ., 2004) . We used the Comer et al . (2002) landcover classification that was reclassified by Connelly et al . (2004) to emphasize the distribution of sagebrush habitats, which combined 10 major sagebrush species into a single sagebrush cover class. The original 90-m pixel map produced by Comer et al . (2002) was developed by cross-walking readily available regional data sets on vegetation, elevation and soil characteristics, which included 30-to 90-m pixel raster layers and 1 : 24 000 and 1 : 100 000 scale polygon coverages. Silver sagebrush, Artemisia cana , which occurs in the north-eastern part of sage-grouse range, was not included in this classification, limiting the applicability to that portion of the range. Similar data for sagebrush were not available for the Canadian range of sage-grouse (< 1% of current species range; Aldridge & Brigham 2003; Schroeder et al ., 2004) , precluding assessment of persistence in Canada.
We summarized percentage of sagebrush habitat (90-m pixel base layer) for two scales of extent across the entire landscape:
(1) a radius of 1 km and (2) a radius of 30.77 km. The 1-km window represents the scale of a local habitat patch, and the larger window represents the known upper limit for an annual sage-grouse home range (2975 km 2 ; Connelly et al ., 2000 Connelly et al ., , 2004 . Computational limits required that percentage of sagebrush habitat in the 30.77-km radius be estimated for 1-km 2 pixels, while percentage of sagebrush within a 1-km radius was summarized at the original 90-m sagebrush habitat pixel (i.e. 8100 m 2 ). We estimated the current density of all mapped roads (linear kilometre per square kilometre, Table 1 ) within 30.77 km for each 1-km 2 pixel used for percentage of sagebrush habitat. We used the information from the 2002 United States Census of Agriculture to estimate livestock density (number per square kilometre) and percentage of cultivated cropland or farmland per county (Table 1) . Information was gathered from the National Climate Data Center (see Table 1 ) to estimate prevalence of severe or extreme droughts (Palmer Drought Index) between 1900 or 1950 . Agricultural and human census data were at the resolution of counties, while the prevalence of severe and extreme droughts (Palmer Drought Indices) was measured at the scale of state climatic zones (Table 1) . All other metrics were summarized over a 1-km 2 resolution (Table 1) .
We calculated the distance to the edge of historical sage-grouse range as a measure of peripherality. For peripherality measures, we did not consider patches of non-habitat that were smaller than the upper size of a sage-grouse annual home range (i.e. 30.77 km radius or 2975 km 2 ). For example, small 'islands' of mountainous terrain in Nevada that were not classified as historical sage-grouse range and were < 30.77 km in radius were not considered as edges, whereas larger patches of non-range were considered as edges in estimates of peripherality.
Persistence-extirpation model development
We used logistic regression (Hosmer & Lemeshow, 2000) to contrast locations where sage-grouse continue to persist (1) with locations where sage-grouse have been extirpated (0). Huber-White sandwich estimators were used to account for correlation among samples within counties (census data), resulting in robust standard error estimates for coefficients (White, 1982) . This minimized type I errors common to autocorrelated and pseudoreplicated data and ensured that inferences about coefficients were correct (Lennon, 2000; Diniz et al ., 2003) . We first conducted univariate analyses for each of the 17 candidate variables (Hosmer & Lemeshow, 2000) , using P < 0.25 as a cut-off for potential inclusion in a final multivariable model based on a Wald z statistic. We assessed each variable for outliers and non-linearities, as well as colinearities among variables (Hosmer & Lemeshow, 2000) . If two variables were correlated (| r | > 0.7), we retained only the variable that explained the greatest deviance and was most biologically meaningful. We fit a global multivariable model using these meaningful (in univariate analyses) and uncorrelated variables and sequentially dropped the least significant variable until all remaining variables were significant at α = 0.10 (Hosmer & Lemeshow, 2000) . We tested for potential interactions between covariates that were biologically meaningful, while also adding each previously removed variable from the global multivariate model to identify possible confounding variables (Hosmer & Lemeshow, 2000) . Finally, we used variance inflation factors (VIF; Menard, 1995) to test for any remaining multicollinearity between covariates in the final model. Multicollinearity was considered to be a problem if VIF scores for individual covariates were > 10 or if a mean score was considerably greater than 1 (Chatterjee et al ., 2000) . All analyses were conducted in STATA version 8.2 (Stata Corporation, College Station, TX, USA).
Model assessment
We used a χ 2 statistic to assess model fit (Hosmer & Lemeshow, 2000) and receiver operating characteristic (ROC) curves to estimate predictive accuracy (Fielding & Bell, 1997) . ROC values above 0.9 were considered to have high model accuracy, 0.7-0.9 good model accuracy and < 0.7 low model accuracy (Swets, 1988; Manel et al ., 2001) . We identified the optimal classification for the final model by minimizing the absolute value of the difference between sensitivity and specificity curves (Liu et al ., 2005) . We estimated the model's overall predictive classification accuracy at the identified optimal cut-off probability using percentage correctly classified (PCC). We considered PCC scores of ≥ 80% to have excellent model prediction, and ≥ 70% as reasonable prediction (Nielsen et al ., 2004; Aldridge & Boyce, 2007) .
Predictions of persistence or extirpation
We used dose-response curves to describe relationships between model variables and sage-grouse status. To estimate doseresponse relationships for each factor, all variables except the one of interest were held at their mean with the probability of persistence predicted for the variable of interest across the range of values observed in the analysis. Predictions were plotted for each variable, and the threshold value of that variable at which persistence or extirpation occurred was estimated using the optimal cut-off probability for the model. Specifically, sage-grouse were predicted to persist when probability of persistence equalled or exceeded the optimal cut-off probability for that variable value, while probabilities of persistence below this threshold were predicted to be extirpated. We used a GIS to spatially predict the status of sage-grouse across the historical distribution within the USA. Based on the predicted values and the initial representation of current and historical sage-grouse range, we generated a confusion matrix (correct and incorrect classification of presences and absences) in the GIS to highlight areas of sage-grouse range considered to be secure and those most at risk. Specifically, we identified those areas where future extirpations could be expected based on the similarity of landscape conditions that resulted in previous extirpations. Spatial autocorrelation of model residuals were assessed using Moran's I correlelogram similar to Diniz et al . (2003) to ensure that spatial structure among counties did not confound model predictions.
RESULTS
Based on univariate analyses, we considered seven uncorrelated variables (Table 1) for inclusion in our global multivariable model of sage-grouse persistence. Two variables, cattle density ( cows ) and road density ( road ), were non-significant and sequentially removed, resulting in five predictors of sage-grouse range persistence. None of the remaining candidate variables had confounding effects when added back into the model, and no interactions among the remaining five variables were significant. Sage-grouse range persistence was best predicted by human population density in 1950, percentage of cultivated cropland in the county, distance (km) to historical range edge (peripherality), prevalence of severe droughts since 1950 and percentage sagebrush within 30.77 km (Table 2) . Sage-grouse range was predicted to be lost in areas having higher human population density in 1950 ( β pop1950 = -0.1855), in areas having undergone conversion to cultivated crops ( c . 2002) ( β crop% = -0.0377) and where the prevalence of severe droughts since 1950 was greater ( β sev1950 = -0.0579; Table 2 ). Specifically, there was a 16.9% decrease in sage-grouse persistence for every unit increase in human population density per square kilometre in 1950, a 3.7% decrease in sage-grouse persistence per 1% increase in the percentage of cultivated cropland in 2000 and a 5.6% decrease in sage-grouse persistence per additional severe drought since 1950 (Table 2 ; Fig. 2 ). Conversely, populations were more likely to persist in interior habitats (i.e. farther from the historical species range edge; β km_edge = 0.0186), and in habitats containing a greater proportion of sagebrush within 30.77 km (β sb%_30 = 4.8988). Overall, there was a 1.9% increase in the persistence of sage-grouse per 1 km increase in distance from the peripheral edge of historical range and a 5.0% increase in persistence of sage-grouse per 1% increase in the percentage of sagebrush habitat within 30.77 km (Table 2 ; Fig. 2) . Given the observed variation in model variables, a one standard deviation change in percentage of sagebrush habitat resulted in the largest change (257%) in sage-grouse persistence, followed by peripherality (136%), human density in 1950 (65%), percent cropland (45%) and finally the prevalence of severe droughts between 1950 and 2003 (21%) ( Table 2 ). The effect of these changes on persistence (i.e. increase or decrease) depends on the sign of the coefficient, and the direction of change in the variable of interest. For instance, increasing sagebrush habitat by one standard deviation would increase sage-grouse persistence by 257%, while increasing human density would decrease persistence by 65%. Overall, our model of sage-grouse persistence had good fit (Wald , P < 0.0001) and predictive accuracy (ROC = 0.87), and it explained 34.0% of the model variation.
We estimated the optimal model classification cut-off probability to be 0.5524 using the minimum absolute difference between sensitivity and specificity values. Above this cut-off probability, we predicted sage-grouse populations to persist, whereas below this probability, populations were predicted to be extirpated. Based on our predicted classification of sage-grouse range and the original digital map estimates of historical and current range, we estimated that the model had reasonable predictive capacity at an overall PCC value of 78.1%. Using doseresponse curves, we estimated that sage-grouse were extirpated from areas of their range when human population densities exceeded four people per square kilometre in 1950, more than 25% of current habitat was in cultivated cropland, and if more than three of every 10 years between 1950 and 2003 were in severe drought condition (Fig. 2) . Populations were predicted to persist if they were > 30 km from the edge of the historical range (less peripheral) and where > 25% of landscape within a 30.77-km radius was dominated by sagebrush habitat (Fig. 2) .
We applied our sage-grouse persistence model in a GIS to estimate predicted probabilities of persistence for the entire range of sage-grouse (Fig. 3) . Comparing model predictions (persistenceextirpation) to the current range status in a confusion matrix, we found that 29% of sage-grouse range was composed of false negative classifications where sage-grouse currently persists, but based on landscape conditions where extirpations have occurred, these extant populations were predicted to be extirpated (Fig. 4) . In contrast, false positive locations totalled 16% of sage-grouse range and identified areas where sage-grouse was predicted to be present, but is known to have been extirpated (Fig. 4) . Moran's I correlelograms at 100 km lag distances indicated that little additional spatial structure (autocorrelation) remained among counties based on model predictions using the final model structure (Moran's I < 0.0355).
When spatial patterns of declines in sage-grouse range are examined using variable thresholds, sagebrush alone was responsible for 8.2% of those extirpations (Table 3) . Edge alone resulted in 4.5% of extirpations, cropland 2.3%, human population 1% and severe droughts < 1% of extirpations (Table 3) . However, most extirpations resulted from cumulative effects of multiple landscape factors. For instance, sagebrush (or lack thereof), in combination with any other driver of extirpation resulted in 85.6% of extirpations (Table 3) , with sagebrush habitat in combination with peripherality and cropland resulting in 66.3% of extirpations (top four ranked causes, Table 3 ).
DISCUSSION
Sage-grouse are a sagebrush obligate species (Braun et al., 1976; Paige & Ritter, 1999; Schroeder et al., 1999; Connelly et al., 2004) , with population declines associated with loss of sagebrush habitats (Swenson et al., 1987; Knick et al., 2003; Connelly et al., 2004; Schroeder et al., 2004) . Maintenance of remaining sagebrush habitat therefore is paramount to the conservation and management of sage-grouse populations. To date, few suggestions have been made on critical levels of sagebrush habitat necessary to sustain sage-grouse populations. Using coarse-resolution maps Figure 3 Predicted probability of persistence for greater sage-grouse throughout their historical distribution within the USA. Current distribution is overlaid (stippling). Similar data inputs were not available for Canada, so model development and predictions were restricted to the range of sage-grouse within the USA. Map projection is Albers Equal Area, Datum is North American Datum 1983. of sagebrush, we found long-term sage-grouse persistence required at least 25% sagebrush and preferably 65% sagebrush (to ensure high probability (> 0.9)) within a 30.77-km radius (2975 km 2 ) scale. Further improvements in sagebrush mapping, particularly with reference to sagebrush cover and height by species, may improve estimates of critical levels of sagebrush habitat and quality necessary for sage-grouse persistence. Current sagebrush maps (i.e. Comer et al., 2002) do not include silver sagebrush, which is the dominant species in the north-east portion of sage-grouse range. As a consequence, accuracy of model predictions in persistence of sage-grouse for north-eastern Montana and the western Dakotas were limited (Fig. 4) . Improvements in mapping of silver sagebrush would therefore enhance prediction in these regions. Regardless, given a year-round dependence of sage-grouse on sagebrush (Schroeder et al., 1999; Connelly et al., 2004; Hagen et al., 2007) , maintaining large areas of intact sagebrush is critical to ensuring the long-term persistence of sage-grouse populations. Maintenance of large areas of sagebrush necessary for sage-grouse persistence may also act as an umbrella (Rowland et al., 2006b ) for other sagebrush obligate species having smaller area requirements. We did not find any relationship with livestock density in 2002. However, livestock numbers do not necessarily correlate with range condition, given that intensity, duration, and distribution ultimately affect rangeland health (Holechek et al., 2001) . Further examination of historical and current effects of livestock grazing on sage-grouse persistence is needed Crawford et al., 2004) . Conversely, sage-grouse extirpations were more likely to occur in areas where cultivated crops exceeded 25% (Fig. 2b) . Although sage-grouse are known to forage on agricultural crops, such as alfalfa (Patterson, 1952) , extensive cultivation and fragmentation of native habitats Figure 4 Predicted changes to greater sage-grouse distribution throughout North America. True positive (TP) indicates model correctly predicted greater sage-grouse persistence; true negative (TN) is correct prediction of extirpation; false positive (FP) is predicted persistence where populations are known to be extirpated; false negative (FN) is predicted extirpation where populations are known to still persist. Map projection is Albers Equal Area, Datum is North American Datum 1983. have been associated with sage-grouse population declines (Schroeder, 1997; Braun, 1998; Leonard et al., 2000; Aldridge & Brigham, 2003) . Avoidance of agricultural landscapes and the strong association with sagebrush habitat reinforce the obligate dependence of native shrub-steppe (sagebrush) habitats for sage-grouse populations.
Peripheral sage-grouse populations experienced greater rates of extirpation than core populations. Few extirpations occurred within the core of the species' range; locations greater than 140 km from peripheral range edge persisted at least 90% of the time. At minimum, 30 km range edge was necessary to maintain persistence of sage-grouse (Figs 2c and 3) . Channell & Lomolino (2000) demonstrated that in many cases (98% of 245 species examined) species persist in a portion of their peripheral range. Although sage-grouse persistence is strongly associated with core populations, some peripheral populations continue to persist despite their proximity to the edge of the species' range. Such populations may contain unique adaptations to local conditions (Doherty et al., 2003) that could be important for future viability. Two isolated populations in Washington provide an example of persistence in peripheral populations (Schroeder, 1997; Connelly et al., 2004) . The northern population (Moses Coulee) exceeded cropland thresholds, while also having lower than expected sagebrush habitat. However, habitat loss may have been mitigated through conversion of cultivated agricultural lands to perennial cover (e.g. Conservation Reserve Program (CRP)) over the last few decades. Therefore, the effect of cultivated crops on sage-grouse persistence may have been confounded by development of CRP acreages. CRP is a US government sponsored program to idle less productive non-irrigated farmland by establishing permanent vegetation. In some areas, CRP fields have provided valuable habitat for sage-grouse (Michael A. Schroeder, unpublished data) but this effect is not uniform across the species' range. Connelly et al. (2004) noted that land enrolled in CRP markedly increased from 1987 to 2004 but that the overall value of these lands to sage-grouse has yet to be demonstrated. Additionally, the density and cover of sagebrush in remaining sagebrush habitats in the northern Washington population may be of sufficient quality to preclude near-term extirpation. However, habitat enhancements, establishment of habitat corridors and reductions in anthropogenic disturbances could enhance the long-term probability of persistence for this population.
Despite our expectation that areas having higher human population growth among census years might best describe sage-grouse extirpations, density of humans in 1950 was the best predictor of extirpation among human population metrics considered (β pop1950 = -0.1855, Table 2 ). This suggests that stresses to sage-grouse range were well established by the mid-20th century. Accordingly, sage-grouse populations have been declining range-wide since 1965 at a rate of approximately 2% per year, Table 3 Predicted causes of greater sage-grouse extirpation based on thresholds of extirpation at sites where model predictions (extirpation) agreed with mapped extirpation of historical range (e.g. only TN -true negative sites in Fig. 4 ). . Of course, sage-grouse declines may have begun prior to 1965, but most reliable population counts (male attendance at leks) did not begin until 1965 or later. Based on our model predictions, sage-grouse extirpation was more likely in areas having a moderate human population density of at least four people per square kilometre by 1950 (Fig. 2) . Sage-grouse populations have been extirpated in virtually all counties reaching a human population density of c. 25 people per square kilometre by 1950. Although we expected road density or distance from roads to be an important factor affecting sage-grouse persistence, neither predicted range-wide patterns in sage-grouse extirpation. We did not consider, however, possible differences associated with intensity of human use of roads (see Lyon & Anderson, 2003) or the influence of inaccuracies in spatial road data sets. Existing spatial data sets for roads in the western USA are known to be inaccurate, particularly for secondary roads, usually underrepresenting total road densities (Hawbaker & Radeloff, 2004; Rowland et al., 2006a) . Local studies of sage-grouse populations, however, have demonstrated negative direct and indirect effects of roads, affecting both the distribution (Lyon & Anderson, 2003; Connelly et al., 2004; Aldridge & Boyce, 2007) and the fitness of individuals (Lyon & Anderson, 2003; Aldridge & Boyce, 2007) . For instance, sage-grouse no longer occupy leks within 2 km of Interstate 80 in Wyoming and male attendance at leks within 7.5 km of Interstate 80 has declined at a greater rate than at leks located between 7.5 and 15 km from the Interstate . However, resolution of historical and current sage-grouse range did not always consider local population loss. The area surrounding Interstate 80 in Wyoming is still considered extant range, despite documented losses. Accurate assessments of road impacts to sage-grouse populations are likely to be more relevant to assessment of effects on local population analyses, such as status and trends of individual leks.
Landscape factors predicting extirpation
Sage-grouse populations are affected by precipitation and drought (June, 1963) . Drought conditions result in decreased nest success and/or reduced chick survival (Aldridge, 2005) . We found that the number of severe droughts from 1950 to 2003 had a weak negative effect on patterns of sage-grouse persistence. Droughts, however, may have a greater influence on future sage-grouse populations, as temperatures are projected to increase over the next 50 years (Neilson et al., 2005) , resulting in drier conditions and reduced sagebrush habitat quality. Not only will habitat quality decline with warmer and drier conditions, but climate change (drier conditions) also has the potential to influence impacts caused by livestock grazing , invasions of non-native species and change fire frequency . While seasonal precipitation patterns cannot be changed, livestock grazing practices could be altered in dry years to reduce the removal of herbaceous vegetation. Climate change has been demonstrated to enhance non-native plant invasions (Smith et al., 2000; Bradley & Mustard, 2006; Chambers et al., 2007) and dramatically alter fire frequencies (Westerling et al., 2006) . Management strategies that reduce fire frequency should be considered, because fire has been shown to reduce the quality of sagebrush habitats resulting in sage-grouse population declines Byrne, 2002; Pederson et al., 2003) . Given the uncertainties associated with the impact of climate change on sagebrush habitats, as well as increased energy extraction activities in sagebrush ecosystems, management actions that increase and enhance the number, quality and connectivity of sagebrush habitats, while limiting fragmentation from anthropogenic sources (see Aldridge & Boyce, 2007) , will be particularly important for maintaining viable sage-grouse populations.
We suggest that model predictions could be used as an initial conservation tool. While misclassification of sage-grouse persistence could be due to inaccuracies in the current range maps or other environmental and anthropogenic factors not considered, we recommend using model outputs to spatially identify two conservation practices: (1) mitigation of negative effects in areas where populations are most at risk, and (2) identification of areas best suited for possible recolonization. Areas currently occupied by sage-grouse but predicted as extirpated (i.e. false-negative predictions, Fig. 4 ) can be used to rank populations most at risk of future extirpation and subsequently identify sites for immediate conservation efforts. Conversely, extirpated range most similar to habitats currently occupied by sage-grouse (i.e. false-positive predictions, Fig. 4 ) can be used to identify areas most suitable for recolonization. Establishing connectivity to core populations or increasing patch size through restoration efforts, together with possible reintroduction programmes, may provide a strategy for reversing historical sage-grouse population declines.
CONCLUSION
We used a digital range map depicting the current and estimated presettlement distribution for sage-grouse to determine whether common, landscape factors can be used to predict range-wide patterns of sage-grouse extirpation. Factors contributing to range-wide persistence of sage-grouse included, agricultural cultivation, amount of sagebrush habitat, prevalence of droughts, periphery of range, and human density in 1950. Although we highlight populations that may be at risk based on past patterns of extirpation, future range loss may relate less to historical mechanisms and more to recent changes in land use and habitat condition, including energy developments (Aldridge & Boyce, 2007; Walker et al., 2007) , non-native species invasions (Bradley & Mustard, 2006; Bergquist et al., 2007) and spread of new invasive disease such as West Nile virus (Naugle et al., 2004) .
Conservation of remaining sage-grouse range will likely require prioritization of populations. Maps predicting probability of sage-grouse persistence could be used in conjunction with local measures of population performance and known threats to prioritize or 'triage' sites (Wisdom et al., 2005b) for management and protection. Conservation efforts should begin by maintaining large expanses of sagebrush habitat and enhancing the quality and connectivity of those patches. If sage-grouse are protected under the US Endangered Species Act, retrospective assessments No claim to original US government works of sage-grouse range and population performance will be critical to understanding relationships between anthropogenic drivers of landscape change and sage-grouse population persistence.
